The crystal structure of the complex between the heme-and FMN-binding domains of bacterial cytochrome P450BM-3, a prototype for the complex between eukaryotic microsomal P450s and P450 reductase, has been determined at 2.03 Å resolution. The f lavodoxin-like f lavin domain is positioned at the proximal face of the heme domain with the FMN 4.0 and 18.4 Å from the peptide that precedes the heme-binding loop and the heme iron, respectively. The hemebinding peptide represents the most efficient and coupled through-bond electron pathway to the heme iron. Substantial differences between the FMN-binding domains of P450BM-3 and microsomal P450 reductase, observed around the f lavinbinding sites, are responsible for different redox properties of the FMN, which, in turn, control electron f low to the P450.
Cytochromes P450, a gene superfamily of heme proteins found in all eukaryotes, most prokaryotes, and Archaea (1), catalyze the monooxygenation of a wide variety of organic molecules. P450 reactions of biological significance include steroid biogenesis, drug metabolism, procarcinogen activation, xenobiotic detoxification, and fatty acid metabolism (2, 3) . Electron transfer from a redox partner to the P450 is a key step in the P450 catalytic cycle. Bacterial and mitochondrial P450s receive electrons from a small soluble iron-sulfur protein, whereas the redox partner for mammalian microsomal enzymes is an FAD͞FMN-dependent NADPH-cytochrome P450 oxidoreductase (CPR). In CPR, FAD serves as an electron acceptor from NADPH, whereas the FMN moiety interacts with and reduces the P450. The problem of redox partner recognition and mechanism of electron transfer has been one of the most important and intriguing in the area of P450 research, in particular, and in biological electron-transfer reactions, in general. The involvement of both electrostatic and hydrophobic forces in protein-protein interactions between P450s and their redox partners has been demonstrated (4) (5) (6) (7) (8) (9) . Although the structures of four bacterial P450s, putidaredoxin, adrenodoxin, and a soluble form of rat CPR are known (10) (11) (12) (13) (14) (15) (16) , the questions of where and how P450s interact with electron donors and the precise nature of the electron-transfer mechanism remain to be answered.
Flavocytochrome P450BM-3 (119 kDa), a self-sufficient fatty acid monooxygenase from Bacillus megaterium (17, 18) , consists of a heme-(BMP) and FMN͞FAD-containing reductase domains linked together on a single polypeptide. Being a soluble multidomain electron-transfer protein, this enzyme represents an excellent model system for studying structure͞ function relationships in P450s and the mechanism of electron transfer. Expression of the individual domains and subdomains of P450BM-3 significantly facilitated studies on the mechanism of domain-domain interaction and interdomain electron transfer (19 -25) . The heme͞FMN-containing domain of P450BM-3 (BMP͞FMN, missing the FAD domain) was found to be the simplest model to follow the FMN to heme intramolecular electron transfer (24, 25) . Here we report the crystal structure of a complex between the heme-and FMN-binding domains of P450BM-3, which we believe represents a specific electron-transfer complex.
Purification and Crystallization of BMP͞FMN. The 6-histidine tag-fused BMP͞FMN was purified as described (25) . Crystals of purified BMP͞FMN were grown at room temperature by liquid-liquid free interface diffusion in a capillary. Ten microliters of the 450 M protein solution in 50 mM KH 2 PO 4 was overlaid on 10 l of a solution containing 40% polyethylene glycol 8000, 100 mM Pipes (pH 6.8), and 200 mM NH 4 Cl. Data collection was performed at room temperature on a Siemens X-1000 area detector, at Ϫ170°C under nitrogen cold stream with an R-AXIS-IV imaging plate (Molecular Structure, The Woodlands, TX) and at Ϫ170°C on beamline 7-1 of the Stanford Synchrotron Research Laboratories. For cryogenic data collections, 25% ethylene glycol was used as a cryoprotectant. Crystals of BMP͞FMN belong to space group P2 1 2 1 2 1 with unit cell dimensions a ϭ 58.8 Å, b ϭ 94.6 Å, and c ϭ 209.1 Å.
Structure Determination of BMP͞FMN. Diffraction data were processed with DENZO and SCALEPACK (26) . The data set collected at Ϫ170°C at Stanford Synchrotron Research Laboratories was used for the final refinement. The structure was solved by isomorphous and molecular replacement methods (Table 1) . Molecule A in the 1.65 Å cryogenic P450BM-3 heme domain data set (H.L., unpublished data, PDB ID code 1BU7) was used as a molecular replacement search model for the heme domain in BMP͞FMN structure. The high-resolution data set was collected on beamline 7-1 of Stanford Synchrotron Research Laboratories using 30% ethylene glycol as a cryoprotectant. A total of 128,585 unique reflections were collected with 97% completeness and R sym of 0.038. The structure was refined by using X-PLOR (27) FMN-binding domain of P450BM-3. The initial phases were based on the molecular replacement solution by using AMoRe (30) , with a correlation coefficient of 0.596 and R factor of 0.460 for the polyalanine model of two copies of the heme domain and one FMN domain. A MeHgCl 2 derivative was also prepared so that the single isomorphous replacement phases could be combined with molecular replacement phases by using SIGMAA (30) . The electron density was further modified by solvent flattening and noncrystallographic-symmetry averaging between two copies of the heme domain by using DM (30) . The resulting electron-density map allowed fitting the side chains in the FMN domain. The subsequent model building and refinement were carried out with TOM͞FRODO (31), X-PLOR and, at the final stage, SHELXL. Coordinates have been deposited into the Protein Data Bank (PDB ID code 1BVY).
Electrophoretic analysis of dissolved crystals revealed that the linker between the heme-and FMN-binding domains was proteolyzed. As a result, the asymmetric unit consists of two heme-domain molecules, A (residues 20-458) and B (residues 21-458), and only one flavin domain (residues 479-630). The N and C termini of the domains are not defined in the crystalline state. The two heme domains related by a noncrystallographic two-fold symmetry are virtually identical. When molecules A and B are superimposed, the rms deviation between equivalent C ␣ positions is 0.44 Å. The two domains are tightly associated and form the same type of dimer that was found in the crystal structures of substrate-free and substratebound heme domain of P450BM-3 (32, 33) .
Interaction of the Heme-and FMN-domains of P450BM-3. The crystal structure of the complex between the heme and FMN domains (BM3-FMN) of P450BM-3 is shown in 96 (1999) that precedes the heme-binding loop of BMP, respectively (Fig. 2) . There are two direct hydrogen bonds, one salt bridge, and several water-mediated contacts between the two domains. The presence of only a few direct contacts in the 967 Å 2 area of interface indicates that the interaction between the heme and flavin domains is not strong. The solvent-exposed part of the isoalloxazine ring of the FMN faces the interface between the two domains, with the methyl groups pointing toward the heme-binding loop (Fig. 2) . The flavin and heme planes are nearly perpendicular. The 7-methyl group of the FMN is 4.1 and 4.0 Å away from the carbonyl oxygen of Ile-385 and amide nitrogen of Gln-387, respectively, and 18.4 Å away from the heme iron. The indole ring of Trp-574, shown to be critical for electron transfer from the FMN to the heme of P450BM-3 (36) , is coplanar to the isoalloxazine ring of the FMN and shields a significant part of it from solvent. The two aromatic rings are only 3.3 Å apart and, as indicated by the presence of a broad absorption transition extending beyond 600 nm in the visible absorption spectrum of the oxidized BM3-FMN (22), form a chargetransfer complex. The indole ring of Trp-574 is less than 4 Å away from the carbonyl oxygen of Pro-382 and side chain of Ser-383. A well ordered water molecule at the interface serves as an H-bonded bridge between the indole nitrogen of Trp-574 and carbonyl oxygens of Ser-383 and Ile-385. The proximity of the isoalloxazine ring of the FMN and indole ring of Trp-574, with their conjugated -orbitals, to the heme-binding peptide implicates the latter as the through-bond electron-transfer pathway from the flavin to the heme. Electrons could flow from the flavin and͞or Trp-574 to the Pro-382-Gln-387 peptide and then directly to the heme iron through bonded orbitals via cysteinyl ligand (Cys-400) or, alternatively, through-space jumps via main-and side-chain atoms of Pro-392, Gly-393, and͞or Arg-398, which are only 3.4, 3.6, and 3.1 Å, respectively, away from the porphyrin macrocycle.
The precise positioning of the methyl groups of the FMN toward the heme-binding loop, the most efficient and coupled pathway for electron flow to the heme iron, indicates that the complex between the two domains of P450BM-3 is specific. The manner of domain-domain interaction in the crystallographic complex is also consistent with previous studies on P450s. P450BM-3 is the only known bacterial P450 with Asn-381-Ala-389 insertion, which is characteristic of eukaryotic P450s. This region, as well as the proximal face of P450s, with its positively charged residues centered over the Cys ligand pocket, has been proposed as a docking site for redox partners (37, 38) . This side of the P450 molecule, the closest approach to the heme iron, was found to provide positively charged residues critical for redox-partner interaction (39) (40) (41) (42) . It should be noted that the residue analogous to His-100 from the C-helix in P450BM-3, the only residue that forms a salt bridge in the complex, is conserved as a basic amino acid in P450s.
Calculation of surface potentials demonstrates that, indeed, the complex formation between BMP and BM3-FMN might be facilitated by long-range electrostatic attraction with the involvement of complementary charged surfaces on both molecules (Fig. 3A) . In the flavin domain, acidic amino acids are clustered on the side of the molecule that faces and interacts with the positively charged proximal side of the heme domain.
Structural Differences Between BM3-FMN and Flavodoxins. Analysis of the surface potentials reveals that the charge distribution in BM3-FMN dramatically differs from that of flavodoxins and CPR-FMN (Fig. 3B) . The flavin-binding site of BM3-FMN is surrounded by mainly neutral and hydrophobic amino acid residues, whereas in flavodoxins and CPR-FMN, conserved negatively charged amino acid residues are clustered near the flavin. The asymmetric charge distribution results in a dipole moment along the axis passing through the FMN, which is thought to be important in the formation of electron-transfer complexes between flavodoxins and their redox partners (43) (44) (45) (46) .
In flavodoxins, in addition to redox-partner recognition, charged amino acid residues within and around the FMNbinding site are involved in modulation of the redox properties of the FMN by the differential stabilization͞destabilization of the redox states of the flavin cofactor through both short-and long-range electrostatic interactions (47) (48) (49) . In these proteins, the anionic FMN hydroquinone (hq) is formed in a relatively nonpolar environment, where steric hindrance to protonation of the flavin N1 atom and unfavorable electrostatic interactions introduced by negatively charged amino acid residues and coplanar aromatic -stacking interactions in the FMN binding site destabilize the flavin hq and decrease the redox potential for the semiquinone (sq)͞hq couple. The thermodynamic stabilization of the neutral FMN sq and destabilization of anionic hq is a key property of flavodoxins that function as one-electron carriers between other redox proteins, with the FMN cycling between the sq and hq forms (50) .
In contrast, BM3-FMN destabilizes the FMN sq and stabilizes the FMN hq (22, 51, 52) . As a result, the midpoint reduction potentials of the FMNox͞sq and FMNsq͞hq couples are switched compared with those of flavodoxins. A distinctly different charge distribution near the FMN-binding site in BM3-FMN (Fig. 3B) is one of the factors that could affect redox properties of the flavin. The lack of negative charges clustered near the FMN, but, instead, the presence of two basic amino acids, Lys-572 and Lys-580, located within 10 Å of the pyrimidine portion and N1 atom of the isoalloxazine ring of the flavin, are likely to contribute to the partial neutralization and stabilization of the anionic FMN hq in P450BM-3 and to cause the increase of the redox potential for the FMNsq͞hq couple. The ionizable group of His-539 in the active center of BM3-FMN could also be protonated during the catalytic cycle, raising the total positive charge near the flavin. Redox-linked ionization of histidine, adjacent to the isoalloxazine ring, was shown to stabilize the FMN hq anion in D. vulgaris flavodoxin by the favorable through-space electrostatic interaction from the positive charge on the imidazole ring (53) .
Another factor that may affect redox properties of the flavin in BM3-FMN is the rigidity of the inner FMN-binding loop, which does not allow this peptide to undergo a conformational change to form a new hydrogen bond and stabilize the neutral and CPR, the primary differences in this region are (i) in BM3-FMN, the inner FMN-binding loop is one residue shorter and ends with two prolines; (ii) the peptide is stabilized by two hydrogen bonds between main-chain atoms and forms a tight hairpin-like turn; and (iii) in the oxidized BM3-FMN, the amide proton of Asn-537 forms a 2.65 Å hydrogen bond with N5 atom of the isoalloxazine ring. These structural features rigidify the inner loop of BM3-FMN relative to flavodoxins.
On one-electron reduction, the peptide flip is observed in flavodoxins, involving a residue, usually Gly, corresponding to Asn-537 in BM3-FMN and resulting in formation of a new hydrogen bond between protonated N5 atom of the FMN and carbonyl oxygen of the peptide (54) . This is unlikely to occur in BM3 (Fig. 5) . Using the low-potential FMN sq as an electron-donating species is the fastest and simplest way to reduce the heme iron. In the absence of substrate, the low redox potential of the heme will not allow electrons to flow to the heme iron and the catalytically inactive FMN hq will be formed, preventing the wasteful consumption of reducing equivalents and uncoupling of electron transfer from the monooxygenation reaction (51, 52) . Substrate binding to the heme domain results in an increase in the heme redox potential, which allows the electron flow from the FMN sq to the heme to occur. During turnover, spatial separation of the flavins (55) and the close and precise positioning of the FMN toward the heme-binding loop further assist in repressing the formation of inactive FMN hq and securing the direct flow of electrons to the heme iron of P450BM-3. Thus, the tight coupling of the monooxygenation reaction and high turnover number in P450BM-3 (Ͼ4,000 min Ϫ1 ) is provided by both the redox potential control of electron flow to the heme iron and the mechanism of domain-domain interaction.
Microsomal CPR has evolved as a component of a multienzyme system, where it recognizes and reduces different P450 isoforms. Because microsomal P450s and CPR are structural and functional analogs to the heme and reductase domains of P450BM-3, they are likely to form a complex similar to what we have observed in P450BM-3. However, in oxidized CPR, the two flavin cofactors are only 3.5 Å apart, with the methyl groups of the FMN oriented toward the FAD (16) . Thus, a structural rearrangement between the flavin domains must occur to make the FMN accessible for P450. The presence of a flexible hinge between the flavin domains could allow back-and-forth motions of CPR-FMN on its reduction and oxidation by P450. The conservation of the flavodoxin-like FMN-binding site in CPR serves a dual purpose in the intermolecular complex formation. First, CPR utilizes the FMN hq to reduce P450 (Fig. 5) (56) . Delayed formation of the FMN hq in the redox cycle of CPR increases, to some extent, the probability of electron transfer to P450 because there will be more time for two redox partners to interact. Second, in the bimolecular reaction between CPR and P450, a strong negative potential on the surface around the FMN (Fig. 3B ) facilitates complex formation. In self-sufficient P450BM-3, the covalent linker between the heme and reductase domains aids in the recognition between redox partners and abolishes the need for a strong electrostatic attraction. Taking into account that the FMN accepts electrons from the FAD most likely via methyl group edge of the isoalloxazine ring, some movements of the FMN domain during the catalytic cycle will be necessary to make the methyl group(s) accessible for the FAD.
